The chemisorption of oligodeoxynucleotide phosphorothioate (s-oligo) is reported. A series of s-oligo DNAs was designed for use as capture probe DNA molecules. The s-oligo DNAs consist of the K-ras gene (5′-GGA GCT GGT GGC-3′) and a dodecamer deoxyriboadenosine, both of which lie on either side of an s-oligo DNA sequence. By primarily focusing on the capture probe DNA having five-successive s-oligo sequences, e37, the immobilization chemistry of e37 was examined; atomic force microscopy achieved the direct visualization of individual molecules on Au (111) substrates, while a series of surface analyses, including IR, ellipsometry, and microgravimetry, showed that the s-oligo functional groups played a pivotal role in the surface-adlayer through the gold-thiol interaction. Interestingly, the amount of immobilization showed a definite relationship with the number of s-oligo linkages introduced, which should be important to regulate the concentration of the capture probe DNA molecules on the surface. Some preliminary studies using ferrocene-modified complementary sequences indicated that electrochemical labeling and readouts were possible.
Introduction
With remarkable richness, solid-phase nucleic acid hybridization has been of major importance in The Human Genome Project by yielding practical results. 1 They include monitoring gene expression, polymorphism analysis, clinical diagnosis, and also nucleic acid sequencing. These methods often use some sort of nucleic-acid probe immobilized on a solid-support or a transducer for the sake of hybridization. 2 Therefore, it has been acknowledged that one of the critical attributes for such kinds of analysis device to be workable lies in rational surface design, including immobilization chemistry. A number of methods have so far been developed to impart to the transducer surface a unique molecular recognition property of DNAs. They consist of broad-ranging surface treatments that can be placed in two groups; direct on-surface nucleic acid synthesis for the hybridization probe with a particular base sequence or after-the-synthesis immobilization. 3 In the case of any massively parallel analysis device, the former approach, e.g., high-density DNA arrays, is better suited, while the counterpart has been enjoying excellent flexibility, meeting with the needs of applications, such as DNA hybridization biosensors. [4] [5] [6] [7] Currently, the popular post-synthesis immobilization methods include: (1) biotinylated oligodeoxynucleotides (ODNs) captured by streptavidin-modified substrates, 8, 9 (2) primary-amine-modified ODNs for reactions at carboxylate-modified substrates, [10] [11] [12] (3) alkanethiol-modified
ODNs via chemisorption, [13] [14] [15] [16] thioalkylation, 17, 18 disulfide formation, 19, 20 and (4) acrylamide-modified ODNs to form a thioether link. 21 These techniques are typically attained by chemical derivatization of the phosphate group at either the 5′-or 3′-terminus to form a covalent bond at the substrate surface. On the other hand, a couple of alternatives akin to the terminal modification methods have become realistic to impart to the ODNs some sort of chemical reactivity. 22 For example, various linkers are site-specifically attached to the nucleic-acid-framework, e.g., the C5 and C4 positions of the pyrimidines, the exocyclic amino groups and C8 positions of the purines, and the 2′-hydroxyl group of the carbohydrate residues.
On the other hand, the internucleotide phosphodiester linkage can be converted into the corresponding phosphorothioate function, i.e., s-oligo, in an automated DNA synthesis cycle. 23 Although this type of modification was originally developed for antisense oligonucleotide technologies, 24 we found that the particular derivative spontaneously forms self-assemblies on gold surfaces through chemisorption. 25 The technique represents DNA-backbone modification, and therefore allows us to arbitrarily assign the number as well as the location of the phosphorothioate function in the corresponding DNA sequence. If one treats only the interior phosphodiester links and the others are left untreated, the resulting surface-attached probe DNAs can offer a bimodal hybridization capability; the phosphorothioates functions play the pivotal role to attach the entire molecule to liberate the native chains for the specific molecular-recognition events. Hypothetically speaking, the native sequences may even act co-instantaneously, yet cooperatively, through rational molecular design, e.g., molecular beacon DNAs. This will bring some advantages over the terminal modification methods.
In the present paper, the s-oligo-based immobilization chemistry was examined in detail ( Fig. 1) . We designed a model capture probe DNA that consists of the K-ras gene (codon 10 -13, 5′-GGA GCT GGT GGC-3′) and a dodecamer deoxyriboadenosine, both of which were connected by a deoxythymidine-phosphorothioate chain. We initially focused on the pentamer phosphorothioate DNA probe, e37; various surface analytical methods including atomic force microscopy (AFM), IR spectroscopy, ellipsometry, and microgravimetric analysis using a quartz-crystal microbalance (QCM) characterized the e37 molecular aggregates at the gold substrate surfaces. When we varied the s-oligo chain-length in the range from 0 (native) to 10, the surface concentration showed a marked dependence on the chain length. Therefore, the present immobilization was expected to be useful for regulated immobilization of the capture probe DNA molecules. Finally, some electrochemical-labeling applications for the e37 probe DNA were examined. We selected two-kinds of half-hybridized species; one of the recognition sites is hybridized with the complementary sequence modified by ferrocene, while the counterpart is left unoccupied. We applied them for chemical modification of the gold electrode surfaces, and electrochemically characterized them. Some preliminary studies indicated that electrochemical labeling of the capture probe DNA molecules and readouts of the hybridization event were possible.
Experimental

Biogenic substances and chemical reagents
The DNA sequences were obtained from a custom synthesis by Sigma Genosys (Sapporo, Japan) and were used as received ( Table 1) . Synthesis of the ferrocene-modified dodecamer deoxyribothymine (FcT12) was made by the covalent coupling of N-(ferrocenecarbonyloxy)succinimide with the 5′-amino-modified deoxyribothymine dodecamer. 24, 26 Similarly, the complementary sequence of K-ras was modified with ferrocene and was used as the model-target DNA (t12Fc). Each DNA sequence was dissolved in 50 mM phosphate buffer (pH 7) containing 100 mM NaCl to give a solution with a concentration of 100 μM (1 M = 1 mol dm -3 ).
For the electrochemical measurements, the capture probe DNA molecule, e37, was first hybridized with either FcT12 or t12Fc. All chemical reagents were used as received.
Characterization of DNA-adlayer
For IR measurements, polycrystalline Au films resistively deposited onto Tempax ® glass substrates (Kinoene Kogaku, Japan; Au thickness, 2000 ± 200 Å) were used as the substrates. The substrate was chemically etched using a piranha solution (caution! Piranha solution is a strong oxidizing agent and extreme care is necessary) for pretreatment and then, the DNA solution (5 μM, 150 μL) was cast onto the chemically etched substrate. The substrate was stored in an airtight vessel to 
The s-notation denotes the phosphorothioester linkage. The covalently bound ferrocene function is abbreviated as Fc. prevent drying and left to the surface-adlayer development for 24 h at 5 C. FTIR-RAS (reflection absorption spectroscopy) was performed on a FTIR 620 V spectrometer (JASCO Co., Japan). 27 The thickness of the e37 chemisorption layers was analyzed on an ellipsometer (Japan Laser Co., Japan) equipped with a He-Ne laser (5 mW, 632.8 nm) as a light source. The sample preparations were made by the same manner as IR. Microgravimetric analysis was performed using a QCA917 or a 934 sensing system (Seiko Instruments Inc., Japan). Commercially available gold QCM-chips (QA-A9M-AU) were used for measurements. For AFM, evaporated gold films with a (111) texture were used as the substrate (Agilent Technologies, Inc., CA). AFM imaging was performed using a JSPM-4210 scanning probe microscope (JEOL, Tokyo, Japan).
The instrument was operated in the non-contact mode imaging with frequency-modulation detection. A version of the public domain image analysis software NIH Image, Image SxM processed the topographic images of the sample surface. Silicon cantilevers (k = 14.0 N/m, f0 = 315 kHz, r = 10 nm) purchased from MikroMasch (Tallinn, Estonia) were used throughout the study. 28 
Electrochemical measurements
Gold disk electrodes (BAS Co., Japan. fl.6 mm) were polished with alumina slurries of successively finer grades (Buehler Co.) and were cleaned by ultrasonication in deionized water. The surface modification was made with the half hybridized species of e37 (e37/FcT12 or e37/t12Fc) using the same procedure described above. The DNA-modified electrode was gently rinsed with 1 M NaClO4 repeatedly and subsequently rinsed with deionized water. An ALS 750D electrochemical analyzer (BAS Co., Japan) was used for cyclic voltammetric measurements in combination with a single-compartment electrochemical cell; a platinum wire was employed as the auxiliary electrode and the electrode potential was measured with reference to a Ag/AgCl (3 M NaCl) electrode. The gold QCM-chip mounted into a solution cell served as the working electrode in the case of the QCM-coupled hybridization measurements. All measurements were made at ambient temperature, typically 22 -25 C.
Results and Discussion
AFM imaging of e37 molecular aggregates and surface topological characterization
Various methods of surface analysis have been used to characterize the self-assemblies of terminally-thiolated capture probe DNA molecules formed at the gold substrate surface. They include IR spectroscopy, 26 x-ray photoelectron spectroscopy, 15 surface plasmon resonance, 16 and microgravimetry analysis. 8, 9 AFM imaging has also been used to address the height of the self-assemblies primarily based on the scratch-and-height determination technique. 29, 30 These types of experiments have been used to detect DNA hybridization by comparing various surface parameters, e.g., smoothness, 31 height, 32, 33 and density. 34 We have also reported single-molecule imaging of a molecular-beacon DNA self-assembly to achieve target DNA detection through visualizaton. 28, 35 Among them, by varying the concentration of the s-oligo DNA solution used for self-assembly, we obtained a series of AFM images that showed a definite relationship between the specific surface roughness and the s-oligo DNA concentration. The AFM-based strategy characterized the e37 molecular aggregates as summarized below.
The high-resolution AFM imaging produced unambiguous images for the Au(111) substrates whose surfaces were modified by e37 (Fig. 2) ; physical matter is finely distributed almost completely over the substrate surface. The surface adsorbates are commonly found as curled or tangled rope-like entities with specific lengths of ca. 30 -40 nm. We can estimate a specific length of 27 nm for a 37-mer DNA in its ladder conformer. AFM images of the untreated bare Au substrate surfaces displayed atomically flat (111) grains with pronounced step edges. In addition, as AFM images typically consist of a set of pixels into which specific height data are encoded, this particular feature afforded us a detailed roughness analysis for the particular surface structure. The result of a simple histogram analysis is also shown in Fig. 2 . The histogram plots show that a frequency distribution fundamentally traces a specific curve typical of a normal distribution. Based on a nonlinear curve fitting of the plots, assuming either a single Gaussian function peak or an asymmetrical peak, it was determined that the height of the surface object as a representative value of the surface displacement was 1.4 nm. Based on a Corey-Pauling-Koltun (CPK) model constructed for e37, it was estimated that the representative axial section length of the single-stranded DNA in the stepladder conformation was 1.2 nm. Both data agreed fairly well with each other. Based on these results, we concluded that each rope-like entity observed in Fig. 2 represents a single e37 DNA strand.
Characterization of e37 adlayer by FTIR-RAS
FTIR-RAS measurements on the Au substrates containing e37 molecular aggregates confirmed that the surface phases formed reflected the intended adsorbates. Figure 3 shows a representative FTIR-RAS spectrum for an e37-treated gold substrate. By reference to the structural features of nucleic acids, two peaks at 1225 and 1174 cm -1 were assigned as anti-symmetric and symmetric P-O stretches of the phosphate group, respectively. The peak at around 1094 cm -1 was identified as the deoxyribose C-O-C stretch of the backbone. A broad band consisting of components at 1558, 1540, and 1510 cm -1 was assigned as the absorption of the purine skeleton. Last, the intense peaks between 1760 -1630 cm -1 were ascribed as C=O stretches. An ab initio calculation for the nucleobases on Gaussian 03 code using the HF/STO-3G basis set showed that the specific strength of the C=O bond takes the order of guanine > thymine with two-kinds of C=O groups > cytosine. Now, a theoretical waveform analysis has shown that this particular absorption band could be further deconvoluted to give four-distinct absorptions, which we assigned to be 1736 cm -1 for the C=O function in guanine, 1700 and 1676 cm -1 for thymine, 1651 cm -1 for cytosine, respectively. The waveform analysis also reported normalized intensities for guanine, thymine and cytosine of 20, 58, and 22%, respectively. The specific intensity ratio of 1:3:1 reproduced the nucleobase-content of e37: namely, seven-fold dG, eleven-fold dT, and six-fold dC, respectively.
Determination of film thickness by ellipsometry
Ellipsometry measurements have analyzed the thickness of the e37 adlayers. We followed the conventional procedure by adopting an air-organic film-substrate three-layer model and assumed a uniform film thickness with a refractive index of 1.45. 15 Using an iterative procedure (least-square minimization), unknown optical constants and/or thickness parameters were varied to determine the parameter set that best matched the experimental data. We collected them at 22 randomly chosen zones, which varied over the range from 0.7 to 2.4 nm. Statistical analysis determined the film thickness to be 1.6 ± 0.33 nm, which was slightly larger than that determined by the AFM examinations (1.4 nm). The flexible e37 chains in the single-stranded state tend to pile up upon each other when they adopt a horizontally aligned structure at the surface. This may add some excess for the film thickness data.
Characterization by microgravimetric analysis using QCM
For various types of terminally thiolated DNAs, microgravimetric analysis using a QCM has been effective when characterizing their immobilization chemistry as well as hybridization capability with their target DNA. We applied the procedure to the s-oligo immobilization method for determining the amount of adsorption. Interestingly, by changing the number of the s-oligo linkage and comparing the amount of adsorption, we found a definite relationship between them.
Upon e37 chemisorption, we observed specific resonant frequency decreases, which are equivalent to 14 ± 5.2 pmol cm -2 (n = 10) of the surface concentration when Sauerbrey's equation is adopted. The particular data seems to be considerably larger than that which is expected from the cross-section of e37 in the linear (32 nm 2 ) or circularly curved conformation (58 nm 2 ) whose reciprocal is equivalent to the theoretical data. Similarly, the CPK model showed five successive nucleotides with a footprint of 4.2 nm 2 , which leads to a theoretical surface concentration of 39 pmol cm -2 . These simple estimations suggest that the s-oligo chemisorption occurs primarily only at the phosphorothioate sequences. Currently, terminally-thiolated single-stranded DNA probes have been acknowledged to attain values of typically a few tens of picomoles per unit area DNA up to one-hundred picomoles per unit area DNA attached to the Au substrate surface. Therefore, it can be concluded from the present backbone modification method that the particular adsorbates possess an adequate affinity for chemisorption, which compares well with the mainstream approaches.
We next examined the effect of the number of gold-sulfur interactions upon the surface concentration by varying the number of phosphorothioate functional groups (Fig. 4) . Interestingly, the capture probe DNA molecules could be adsorbed on the Au substrate, albeit in a rather small, but distinct quantity, irrespective of the s-oligo sequence (e32) used. As previously reported by Letsinger's group, 36 Whitman's group, 37 and Georgiadis's group, 38 some sort of single-stranded DNA probes are chemisorbed by the specific interaction of the nucleobase, especially adenine, with the underlying Au substrate. The adenine-Au affinity reaction is considered to be one of the causes of the e32 adsorption. The adsorption of the capture probe DNA molecules was subsequently enhanced to a considerable extent by the phosphorothioate modification, even though only single dTs were involved (e33). Then, the amount of immobilization monotonically increased with increasing number of s-oligo functional groups; the stability of the s-oligo surface adsorbates could be enhanced through multiple Au-thiol bonding interactions with the Au substrate.
Beyond the heptamer conversion, however, the amount of immobilization drastically decreased by less than one half of the maximum value (e42). This may be explained by the steric hindrance of the anchoring sequence; in the tetrahedral arrangement of the phosphorothioate-bridge, every thiolate group by necessity, takes the face-to-face arrangement with the underlying Au atoms, and this unfavorable strain could cause instable adsorption. Regarding the surface state of the capture probe DNA molecules, efficient binding with the target DNA occurs when the DNA probes are vertically immobilized with sufficient clearance. Previously, Opdahl and coworkers reported a density-controlled grafting method of single-stranded DNA probes; by introducing anchoring sequences of adenine nucleotides with different lengths, they prepared the DNA-attached Au substrates with varied surface concentrations ranging from 2 × 10 13 to 3.5 × 10 13 DNA-strands per unit area. 39 The present s-oligo immobilization method will also realize the opportunities of covalent-attachment with a controlled surface-concentration of capture probe DNA molecules.
Electrochemical-labeling applications
Finally, we examined some electrochemical labeling/readout applications using the e37-modified Au electrodes as an example. First, e37 was hybridized with t12Fc, which represents one of the complementary sequences, and the resulting half-hybridized species, e37/t12Fc, was attached onto the Au electrode. The cyclic voltammogram (CV) for the e37/t12Fc-modified Au electrode obtained in an electrolytic solution is shown in Fig. 5(a) . Although the corresponding CV suffers from intense background current, the oxidative wave was identified at +0.3 V, which was reasonably explained by the oxido-reduction of ferrocene. On the other hand, the enormously large background current made the reduction current indiscernible. The magnitude of the oxidative current increased linearly as the scan-rate increased, indicating the surface process. By integrating the current under the oxidation peak, we obtained the amount of e37/t12Fc at the electrode surface to be 22 pmol cm -2 ; the calculated amount from the electrochemical measurements was slightly higher than expected, but agreed fairly well with that from the QCM measurements. As expected, the bare Au electrodes only gave capacitive currents in the potential range used in the present study.
For comparison, e37 was hybridized with FcT12, which is another complementary sequence, and the resulting e37/FcT12 was used in the same manner as e37/t12Fc. Here, we used the Au-QCM substrate as the working electrode, and the electrochemical measurements were combined with the microgravimetric measurements. Again, we obtained CVs having delicate current features at around +0.35 -0.4 V, which enhanced linearly as the scan-rate increased (Fig. 5(b) ). The surface concentration of e37/FcT12 calculated by the quantity of electric charge was 8.3 pmol cm -2 . Although e37/FcT12 showed rather weak chemisorption compared with e37/t12Fc, it fell within the margin of error obtained for e37 chemisorption. Therefore, the s-oligo immobilization method will provide opportunities of an interconvertible-style electrochemical labeling at either of the recognition sequences.
In-situ QCM analysis determined that the mass increase for e37/FcT12 chemisorption was equivalent to 8.1 pmol cm -2 , which agreed well with the electrochemical data. When the e37/FcT12-modified QCM chip was treated with t12 for hybridization, the specific mass increase was determined to be 3.2 pmol cm -2 . The probe/target binding attained a hybridization efficiency of 40%, which is in general agreement with that of previously reported results. 16 Interestingly, the oxidative wave of e37/FcT12 was considerably reduced upon t12 hybridization. The electrochemically-inactive target DNA may cause the electrode reaction of the label DNA to be sluggish (data not shown). We are currently investigating this phenomenon to gain a deeper understanding, since the benefits of this technology would be useful for applications of a non-label hybridization biosensor.
